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Abstract
Accurate assessment of natural CO2 occurrence and its saturation state with respect to the mineral buffering effect could better 
guide CO2 storage site selection, injection performance and capacity estimation.  The primary control on naturally occurring CO2
in the Earth’s crust results from its origin: mantle and magmatic sources, thermal decomposition of carbonate minerals, thermal 
maturation of organic matter, thermochemical sulfate reduction, and bacterial activity.  The concentration and distribution of the 
generated CO2 is further controlled by the migration processes and trapping mechanisms, and eventually, buffered by mineral-
gas-fluid interactions.  We investigated the controls on natural occurring CO2, including its concentration and distribution as a 
function of key geological variables, such as temperature, pressure, mineralogy, and fluid chemistry.  An example from  Mobile 
Bay (e.g., Mankiewicz et al, 2009), is compared with other field studies including Gulf Coast reservoirs (Smith and Ehrenberg, 
1989) and geothermal areas from Iceland.  We coupled CO2 thermodynamic modeling with the field data to describe the 
geological controls on CO2 occurrence, and refined a theoretical correlation for estimating CO2 concentrations in geological 
formations.  The primary observation used for estimating CO2 volumetrics is that the partial pressure of CO2 (pCO2) covaries 
with temperature, while the reservoir mineralogy plays a significant role in determining the pCO2 – T correlation.  This trend can 
be related to pH buffering associated with aluminosilicate and carbonate minerals and pore water interactions based on 
fundamental thermodynamic principles.  The theoretical correlation matches the field data reasonably well, and should apply to a 
wide range of CO2 concentrations for reservoirs with constrained access to CO2 rich fluids.
We applied state of the art CO2 injection reactive transport modeling (RTM) to investigate how natural occurring CO2
concentration and buffering state affect CO2 injection performance and capacity.  Our RTM simulates large-scale CO2 injection
into subsurface reservoirs, with the ability to capture the complex interplay of multiphase flow, capillary trapping, diffusion, 
convection, and chemical reactions, that may have significant impacts on both injection performance and storage security.  The 
simulation results suggest that reservoirs with initial CO2 concentration below the buffering capacity tend to facilitate CO2
storage by increasing the structural, residual and solubility trapping.  The under saturation conditions also help to avoid potential 
mineral precipitation and formation damage near the injection well and therefore, is a better choice for CO2 storage over 
reservoirs with initial CO2 exceeding the buffering capacity.  We plan to investigate CO2 injections in different types of 
siliciclastic and carbonate reservoirs. This study expanded our fundamental understanding of CO2 occurrence, buffering and 
sequestration processes at multiple spatial and temporal scales in nature.  The results helped us make better judgments of CO2
storage capacity and site selection that led to better design decisions from appraisal to development to monitoring. 
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1. Introduction
One of the commonly proposed methods for reducing CO2 and other acid gas emissions is to inject them into 
petroleum reservoirs for Enhanced Oil Recovery (EOR) or to store them in deep saline formations. Any successful 
CO2 injection project needs to meet three key objectives: 1) safety, health and environment; 2) efficient sweep of 
pore space; and 3) reliability of operations. Large-scale CO2 injection into subsurface reservoirs poses enormous 
technical challenge. First it requires careful selection of suitable storage sites that would meet the desired storage 
capacity, injectivity and security. Secondly it needs to take into account the complex interplay of multiphase flow, 
capillary trapping, diffusion, convection, and chemical reactions induced by CO2 injection that can have significant 
impacts on the dynamic behavior of injection performance and storage security. Therefore a fundamental approach 
that couples process-based models with laboratory data and field observations will allow us to better understand the 
key controls on CO2 injection performance and storage security and therefore make better design decisions from 
appraisal to development to monitoring.
CO2 injected into a reservoir or saline formation tends to migrate towards the cap rock then spread laterally, as 
the supercritical CO2 phase usually has a lower density compared to that of the formation water (Fig. 1).  At the gas-
water interface, CO2 starts to dissolve into the formation water, lower the pH, and induces mineral dissolution and 
precipitation over time. Such a process will also lead to aqueous complexation of bicarbonate with dissolved cations, 
which in turn will increase CO2 solubility and change the density of the aqueous phase at the gas-water interface 
(Xiao et al, 2009). The density difference will drive the fluids  downwards, leading to the so-called “convective 
mixing” (e.g. Pruess et al, 2003; Xu et al, 2003). To better understand the fundamental processes associated with 
CO2 injection, millennium scale temporal and spatial evolution of gas, fluid and mineral reactions need to be 
described.
Figure 1. Schematic diagram showing CO2 plume movement, dissolution, and convective mixing in a saline formation.
Most CO2 storage models have assumed that the selected storage site, either saline formations or depleted 
hydrocarbon reservoirs, have little or no CO2 prior to the injection. However, natural CO2 occurrence is ubiquitous 
and its concentration can vary from a trace amount to over 50%, depending on the geological condition. Therefore 
having a good understanding and prediction of natural CO2 presence (volume, concentration, and saturation) is 
necessary for any CO2 injection site selection, monitoring, and verification. 
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2. CO2 Occurrence in Nature
CO2 can occur from many different sources and processes. It is generally accepted that there are five primary 
origins of CO2 in the Earth’s crust (Zhang et al, 2008); they are:
 Mantle and magmatic sources
 Thermal decomposition of carbonate facies (exposure of carbonates to > 300oC)
 Thermal maturation and cracking of organic material
 Thermochemical sulphate reduction (TSR)
 Bacterial activity
While CO2 bearing reservoir formations are common, they generally only contain small amounts of CO2 (75% of 
known clastic hosted occurrences contain less than 2 mol % CO2). Accumulations with high CO2 contents are 
generally thought to result from magmatic sources or thermal destruction of carbonates.
Interpretations of reservoir CO2 gas generally employ geochemical observations of gas composition and isotopes.  
The abundance of CO2 gas and association with other hydrocarbon and non-hydrocarbon gases combined with a 
geologic description can constrain our interpretation of CO2 origin, but this may not always result in unique source 
identification.
3. Correlation between pCO2 vs. Temperature
The geochemical systematics that control the partial pressure of CO2 in the crust have been attributed to buffering 
of gas compositions by water and rock interactions, where hydrothermal conditions persist in volcanic, metamorphic 
and sedimentary basins.  The importance of aluminosilicate buffering of solution pH as a control of pCO2 was first 
published by Smith and Ehrenberg (1989). A series of subsequent publications with slight variations on the 
systematics explored various mineral assemblages (Hutcheon et al., 1993; Giggenbach, 1997; Coudrain-Ribstein et 
al., 1998; Cathles and Schoell, 2007).  
Smith and Ehrenberg (1989) examined roughly 200 data points from clastic reservoirs in the Gulf Coast USA and 
the North Sea.  They noted a strong correlation when log(pCO2) (in bars) was plotted vs. temperature (
o
C), (Fig. 2).
Figure 2. A plot of pCO2 (bars) vs. T (
oC ) for Gulf of Mexico and Norwegian North Sea clastic reservoirs (after Smith and    
Ehrenberg, 1989).
The authors suggested that this relationship resulted from the buffering of pH by aluminosilicate minerals in the 
presence of calcite. They proposed a simple reaction involving K-feldspar, kaolinite and quartz (reaction 3.1) as the 
pH control, and CO2-calcite equilibrium as the pCO2 buffer (reaction 3.2). 
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         2 K-Feldspar  + 2 H+  + H2O  =  Kaolinite  + 2 K+  + 4 Quartz                       Eq. 1
          Ca
2+
  +  CO2(g)  + H2O  = Calcite  + 2 H
+
                                                      Eq. 2 
They rearranged the equilibrium constant equation to derive the following relationship:
log fCO2 = logK+2-2pH Eq. 3
Where fCO2 = fugacity of CO2 and is equal to pCO2 for these conditions.
Smith and Ehrenberg argued that this was a simplistic but realistic approximation of the mineral assemblages 
present in the GOM and North Sea reservoirs. They also recognized that different mineral assemblages, such as 
feldspar/illite, kaolinite/illite and kaolinite/chlorite, could also buffer the system and that in other sedimentary 
settings with different pore water chemistries, different pCO2 vs. temperature trends could occur. This is an 
important development, as it provides a theoretical basis for predicting the approximate CO2 concentration (partial 
pressure) knowing the reservoir mineralogy, fluid chemistry, and temperature from first principles.
4. Theoretical CO2-Water-Mineral Buffering Calculations
Taking an approach similar to that of Coudrain-Ribstein et al. (1998), we have calculated pCO2 versus
temperature for a sequence of reactions that represent the range of mineral compositions for petroleum reservoirs. 
Assuming that the chemical species CO2 can be expressed as a reaction by a set of minerals (mj) and their 
stoichiometric coefficient (aj),

j
jjmaCO2 Eq. 4
If the gas and solution are in equilibrium with respect to a set of minerals, the pCO2 is the product of their 
solubility products:
                         
2
2
CO
j
aj
j
CO K
k
P

 Eq. 5
Where kjs are the equilibrium constants of formation reaction of the buffering minerals and KCO2 is that of the 
CO2 in solution. The buffering reactions proposed are listed below (after Coudrain-Ribstein et al, 1998).
5CO2 + 5Calcite + Chlorite   =    5Dolomite + Kaolinite + Quartz + 2H2O R1
3CO2 + 3Calcite + Mica + Kaolinite =  3Dolomite + Muscovite + 2Quartz +  2H2O R2
3CO2 + 3Calcite + Mica    =   3Dolomite + K-Feldspar + H2O                        R3
The mineral assemblages consists of at least two aluminosilicate minerals and water to buffer the solution pH and 
other major cations (Al, K, Na, etc). Calcite and dolomite are needed to buffer Ca, Mg, and HCO3
-
.  Using a 
modified EQ3/EQ6 thermodynamic database, we calculated the equilibrium constants of formation reaction of the 
buffering minerals in solution.
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We then calculated pCO2 (psi) vs. temperature (C) based on R1 and R2 using Eq. 4 and 5.  Note the R1+R2 curve 
is the weighted average of R1 and R2 assuming both reactions control the pCO2 (Fig. 3). The results are in good 
agreement with Coudrain-Ribstein et. al (1998). The calculated curves also match selected field data (Fig. 3) and 
empirical fits.
Figure 3. Calculated pCO2 (psi) vs. Temperature (C) based on R1-2 and comparison with Smith and Ehrenberg (1989) data.
5. Reactive Transport Models
We applied state of the art CO2 injection reactive transport model (RTM) to investigate how natural occurring 
CO2 concentration and buffering state affect CO2 injection performance and capacity. Our 2D radial RTM model is 
represented by a feldspar-rich sandstone reservoir (Table 2). We investigated three scenarios with initial CO2
concentration at 0%, 2%, and 5 mol%. The reservoir is 2km deep at 75 
o
C with a porosity of 0.30. The formation is 
40 meter thick, and the CO2 is injected at the rate of 0.6 million metric tons per year for 10 years. The simulation 
continues until 1,000 years. All simulations were carried out using ToughReact program (Xu et al, 2007).
Table 2. Initial mineral composition of the saline formation.
6. RTM Simulation Results    
Fig. 4 shows the distribution of CO2 gas, pH, bicarbonate, and aqueous CO2 in the saline formation at 10 (the end 
of injection), 50, 100, and 200 years with 0% initial CO2. The results show that CO2 injected into a saline formation 
tends to migrate towards the cap rock then spread laterally, as the supercritical CO2 phase usually has a lower 
density compared to that of the formation water.  
Volume Mineral Chemical formula
Siliciclastic
Reservoir
Primary:
Quartz SiO2 40.6
Kaolinite Al2Si2O5(OH)4 1.41
Calcite CaCO3 1.35
Illite K0.6Mg0.25Al1.8(Al0.5Si3.5O10)(OH)2 0.7
Oligoclase Ca0.2Na0.8Al1.2Si2.8O8 13.86
K-feldspar KAlSi3O8 5.74
Na-smectite Na0.290Mg0.26Al1.77Si3.97O10(OH)2 4.8
Chlorite Mg2.5 Fe2.5Al2Si3O10(OH)8 3.19
Hematite Fe2O3 0.35
Porosity 30
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    At the gas-water interface, CO2 starts to dissolve into the formation water, lower the pH, and induces mineral 
dissolution and precipitation over time. Such a process will also lead to aqueous complexation of bicarbonate with 
dissolved cations, which in turn will increase CO2 solubility and change the density of the aqueous at the gas-water 
interface. The density difference will drive the fluid to move downwards, leading to the so-called “convective 
mixing”.
Figure 4. Simulated distribution of CO2 gas (Sg), pH, bicarbonate (HCO3
-), and aqueous CO2 (CO2aq)in the saline formation at 
10 (the end of injection), 50, 100, and 200 years with 0% initial CO2. Injector is at the lower left comer as shown in Fig. 1
The presence of natural occurring CO2 could disrupt the equilibrium of the gas-fluid-rock system and potentially 
have a large impact on CO2 storage mode and capacity. Fig. 5 and 6 show the pH and bicarbonate evolution of the 
system at 10, 100, and 1,000 years, with initial CO2 concentration at 0, 2, and 5 mol%, respectively.
Figure 5. pH evolution of the system at 10, 100, and 1,000 years with initial CO2 concentration at 0, 2, and  5 mol %.
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Figure 6. Bicarbonate evolution of the system at 10, 100, and 1,000 years with initial CO2 concentration at 0, 2, and 5 mol%.
The simulation results, as shown in Fig. 5 and 6, seem to suggest that most of the 2% initial CO2 will be buffered 
by the system, therefore may not cause any significant change to CO2 storage. However, careful examination reveals 
that even the presence of such small amount of natural occurring CO2 can impact the system. The initial CO2
presence would reduce the buffering capacity of the system by allowing the CO2 plum to spread wider and last 
longer. They also would compete with the gas-water interaction (solubility trapping), and alter mineral interaction at 
longer time scale, therefore potentially reducing the ultimate CO2 storage capacity. The simulation results indeed 
suggest that the percentage of CO2 trapped in gas phase would increase from 17% to 47% in the presence of 2 mol% 
naturally occurring CO2 at the end of 1,000 years, and at the same time reduce the storage mode in aqueous and 
solid phase, correspondingly (Fig. 7). Higher percentage of natural occurring CO2 (e.g., 5 mol % in this study) can 
completely disable the systems buffering capacity and significantly reduce CO2 storage capacity, as shown in Fig. 5 
and 6.. 
Figure 7. Percentage of CO2 trapped in gas phase over time with and without naturally occurring CO2.
7. Conclusions
Accurate assessment of natural CO2 occurrence and its saturation state with respect to the mineral buffering effect 
could better guide CO2 storage site selection, injection performance and capacity estimation.  The primary control 
on naturally occurring CO2 in the Earth’s crust results from its origin: mantle and magmatic sources, thermal 
decomposition of carbonate minerals, thermal maturation of organic matter, thermochemical sulfate reduction, and 
bacterial activity.  The concentration and distribution of the generated CO2 is further controlled by the migration 
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processes and trapping mechanisms, and eventually, buffered by mineral-gas-fluid interactions.  We coupled CO2
thermodynamic modeling with the field data to describe the geological controls on CO2 occurrence, and refined a 
theoretical correlation for estimating CO2 concentrations in geological formations.  The primary observation used 
for estimating CO2 volumetrics is that the partial pressure of CO2 (pCO2) covaries with temperature, while the 
reservoir mineralogy plays a significant role in determining the pCO2 – T correlation.  This trend can be related to 
pH buffering associated with aluminosilicate and carbonate minerals and pore water interactions based on 
fundamental thermodynamic principles.  The theoretical correlation matches the field data reasonably well, and can 
apply to a wide range of CO2 concentrations for reservoirs with constrained access to CO2 rich fluids.
We applied state of the art CO2 injection reactive transport modeling (RTM) to investigate how natural occurring 
CO2 concentration and buffering state affect CO2 injection performance and capacity.  Our RTM simulates large-
scale CO2 injection into subsurface reservoirs, with the ability to capture the complex interplay of multiphase flow, 
capillary trapping, diffusion, convection, and chemical reactions, that may have significant impacts on both injection 
performance and storage security.  The simulation results suggest that reservoirs with initial CO2 concentration
below the buffering capacity tend to facilitate CO2 storage by increasing the structural, residual and solubility 
trapping.  The under saturation conditions also help to avoid potential mineral precipitation and formation damage 
near the injection well and therefore, is a better choice for CO2 storage over reservoirs with initial CO2 exceeding
the buffering capacity.  Additional work is needed to investigate CO2 injections in different types of siliciclastic and 
carbonate reservoirs. This study expanded our fundamental understanding of CO2 occurrence, buffering and 
sequestration processes at multiple spatial and temporal scales in nature.  The results helped us make better 
judgments of CO2 storage capacity and site selection that led to better design decisions from appraisal to 
development to monitoring. 
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